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Abstract

:

There are many approaches of pesticide risk assessment. Despite their variation in difficulty and information complexity, all of them are intended to predict the actual pesticide risk as accurately as possible, i.e., to predict the behavior and hazard of a pesticide in the environment with high precision. The aim of this study was to develop a risk indicator of pesticide’s negative impact on soil and aquatic organisms. The developed pesticide risk indicator constitutes the sum of points of acute toxicity exposure ratio, long-term toxicity exposure ratio, and the bioconcentration factor. To develop the indicator, mathematical models were used; the input data included the soil and climate conditions of a specific region. Combining the data of pesticide toxicity in the environment allowed for a more accurate risk assessment in terms of using plant protection products. The toxicity and behavior in soil and water of 200 widespread pesticides were studied. It could be concluded that a mathematical model, PEARL 4.4.4, calibrated for region-specific soil-climate conditions, provides a relevant description of the natural translocation and decomposition of pesticides in soils. In addition, the output data of this model can be applied to calculate the risk indicators. The combination of these parameters with pesticide toxicity for non-target groups of organisms allows the risk indicator to be a universal tool for predicting the negative impact of pesticides on the environment at the regional level.
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1. Introduction


Over two million tons of pesticides are applied annually around the world [1]. Although many countries have taken pesticide application under control, the hazard of their negative impact on non-target organisms and ecosystems is not fully ensured [2,3]. There are three possible ways to decrease the negative impact of the applied pesticides: (1) improving the monitoring system of pesticide impact on the environment; (2) assessing the risk of pesticide application using the soil-climate conditions of a specific region; and (3) developing the pesticides of minimum toxicity.



In many countries, environmental assessment is crucial for a pesticide to be officially registered [4,5]. The assessment includes the hazard classification of a pesticide and the determination of its negative impact [6]. Environment assessment tools are constantly improving: new databases of eco-toxicological pesticide properties [7] and models of pesticide risk assessment [8,9,10] are being developed. The developed risk indicators can differ in assessment difficulty and information complexity. One of the simplest indicators is the quantity of active ingredients (QA). It considers only the quantity of kilograms of pesticide active substances applied on the territory [11], whereas aggregate indicators such as the load index (LI) considers both the application rate and a wide range of medical and environmental hazards for every pesticide [12,13]. Simple indicators are user-friendly for the economic assessment of pesticide application [14,15,16], while environmental assessment purposes require more reliable and informative aggregate risk-based indicators. Various methods of data aggregation are used for grouping heterogeneous data into one convenient indicator, i.e., a risk indicator [17]. Currently, dozens of such indicators have been proposed, which makes it difficult to classify and select the most appropriate ones. The first attempts to develop environmental indicators were attributed to the assessment of the overall harm to the environment, including various non-target organisms [18,19]. For example, Higley and Wintersteen [20] were the first to calculate the economic damage caused by pesticide application. In 1993, appeared the first guidelines for the comprehensive risk assessment of pesticide contamination in water bodies [21]. By the end of the 20th century, nine environmental risk indicators had already been developed [22,23,24,25]. The European Union project «CAPER» (Concerted Action on Pesticide Environmental Risk) classified the data on the indicators outlining their advantages and disadvantages. The eight pesticide risk indicators differed in regard to the compartments, effects and methods used to calculate the environmental impact scores [26]. The use of scoring to reflect environmental risk or performance instead of more realistic models of predicted pesticide concentrations is a common disadvantage of these indicators (all indicators produce a score to reflect environmental risk or performance). In the USA, environmental risk indicators were developed within the project Consortium for Integrated Pest Management (CIPM) devoted to integrated pest management (IPM) [27]. Later, Thomas J. Greitens [28] on the basis of the experimental data (two years of pesticide application data from four farms) estimated the validity and reliability of eight pesticide risk indicators developed throughout Europe and the United States. Only three of the nine studied indicators were revealed to have been validated: SYNOPS (Germany), the multi-attribute toxicity factor (USA), and the environmental impact quotient (USA).



Currently, there is a high development of pesticide risk indicators for individual environmental media compartments (water, soil, air) and various groups of non-target organisms. This results from methodological difficulty in considering the numerous factors of the environment to assess the risk of a pesticide and its negative impact on the environment as a whole. Therefore, the three aquatic risk indicators developed by the Organization for Economic Cooperation and Development (OECD) under the National Action Plan to reduce the risk from the use of plant protection products (1998–2002) were REXTOX, ADSCOR and SYSCOR [29]. To calculate these indicators, the scoring and mechanistic approaches were applied. The ratio of exposure to toxicity (REXTOX) is based entirely on the mechanistic approach. The additive scoring (ADSCOR) uses a simple scoring system but includes some original (unscored) variables. The synergistic scoring (SYSCOR) uses a more complex scoring system and some original (unscored) variables [30]. However, all of these three indicators have one common drawback. They require a complex calculation for a pesticide concentration in a water body. The concentration should be calculated manually by specific equations excluding the soil and climate conditions of the locality. Therefore, using such indicators makes the prediction of pesticide’s negative impact far less relevant [31]. Processes of pesticide transformation and migration should be included when calculating the aggregate risk indicator as they depend on the soil and climate conditions of the area of pesticide application [32]. The use of mathematical modeling makes it possible to accurately predict a pesticide’s fate in the environment. Furthermore, the simulation has benefits over other methods of studying this matter in economic terms and allows considering a wide range of soil properties, as well as hydrological, climatic, agrotechnical, and other parameters. Therefore, mathematical models of pesticide behavior have recently been used for tackling issues related to the registration of pesticides in EU countries and the United States [33]. In particular, models PEARL 4.4.4 and STEP 1–2 are used to predict pesticide concentrations in soils, ground and surface water in the European Union and in the Russian Federation.



The aim of this study was to develop a risk indicator of pesticide’s negative impact on soil and aquatic organisms based on the sum of points of acute toxicity exposure ratio, long-term toxicity exposure ratio, and the bioconcentration factor (BCF) as well as on using mathematical models whose input data included the soil and climate conditions of a specific region.




2. Materials and Methods


2.1. The PEARL 4.4.4 and STEP 1–2 Models


To predict the concentrations, we used the chromatographic flow model PEARL 4.4.4 which is based on the differential convection–diffusion equation of mass transport in soil [34]. The main parameters of the model are presented in Table 1.



Experimental supplies of this model are the physicochemical soil properties and climate data of the regions of pesticide application. This is collectively called a standard model scenario. It determines the prediction quality and correlation of the predicted pesticide concentrations to the concentrations in the field. In this study, we used the standard scenarios for the Moscow region (central part of the European Russia). The parameters of the standard scenario are shown in Table 2.



The STEP 1–2 model [35] was used to predict the pesticide concentrations in surface water bodies as it allows the calculation of the most relevant and time-weighted average pesticide concentrations in water for 0, 1, 2, 4, 7, 14, 21, 28, 42, 50 and 100 days after its application. A water body with a depth of 30 cm and a bottom sediment thickness of 5 cm was used as a model. The calculation also considered such factors as pesticide interception by crop, pesticide air drift to the surface of the water body during the field treatment and its migration into the water body due to surface runoff and drainage from soil.



To predict the pesticide concentrations in surface waters and in soils, we used the recommended single application rates of pesticides for the main crops growing in Russia. If the pesticide is applied only for seed treatment, its application rate was calculated considering the standard quantity of seed per hectare.



The Procedure of Testing the PEARL 4.4.4 Model and the Assessment of the Model Simulation


To assess the adequacy of the PEARL 4.4.4 model in the soil-climate conditions of the Moscow region, we conducted a field column experiment with metribuzin as it has a low sorption capacity (KOC = 38) and a high solubility (~5 g/L). Physicochemical properties of soddy–podzolic soil are presented in Supplementary Table S1: Parameters of the soddy–podzolic soil.



Polypropylene pipes (with an inner diameter of 100 mm and a length of 300 mm) were driven into the soil located on a flat field section devoid of plants. The pipes were placed from each other at a distance of about 2 m (8 pipes in total). A weighed sample of the soil treated with metribuzin (at a rate of 0.98 kg/ha) was evenly poured onto the soil surface in the pipe, slightly compacted and covered with a 10 mm layer of untreated soil. The soil samples for analysis were taken after 7, 14, 28, 56, 84 and 120 days. Under laboratory conditions, the soil column was divided into three layers of 10 cm in height. The analysis of metribuzin residues was carried out according to the previously described procedure [2] by high-performance liquid chromatography (HPLC) using an Agilent 1200 series instrument with a quadrupole-time-of-flight mass spectrometric detector (6520 Accurate-Mass Q-TOF LC/MS Agilent Technologies; the source of ionization was electrospray (+); column Phenomenex Hydro-RP C18 4 μm 4.6 × 100 mm; the mobile phase was water and methanol with the addition of formic acid (10 mM), and the volume of the injected sample was 5 μL).



To improve the prediction accuracy and achieve the convergence of the measured and simulated values, the PEARL 4.4.4 model was calibrated for the parameters of soil water regime and for the parameters of the selected pesticides. As shown in the specialized publications [36], to approximate the soil water retention curve (SWRC), the physical parameters of the van Genuchten equation had the greatest influence on prediction accuracy. The assessment of the models’ sensitivity showed that the parameters of the van Genuchten equation for the approximation of the SWRC had the highest effect on the output state variable (the flow volume). In this work, we used the experimental soil parameters of the SWRC approximation (by the van Genuchten equation) for the soddy–podzolic soil. These data were provided by E.V. Shein [37].





2.2. Data on Pesticide Toxicity and Bioaccumulation


We collected data for 200 active substances of pesticides (herbicides, fungicides, and insecticides) commonly applied worldwide [38]. The international database PPDB (Pesticide Property Data Base), which was based on the results of registration tests and other scientific publications, was the primary data source of the physicochemical and eco-toxicological properties of pesticides [39]. We used the data on acute and chronic toxicity for fish (the typical example is Oncorhynchus mykiss), aquatic invertebrates (Daphnia magna), algae (mainly Selenastrum capricornutum), and earthworms (Eisenia foetida). For fish we also used the BCF values presented in the database. Unlike the BCF values for aquatic organisms, the BCF values for earthworms are missing from the database. The BCF was calculated using the data on the octanol–water partition coefficient (Kow) by the equation [40]:


  log B C F = 1.0 × log  K  o w   − 0.6    (  n = 100 ,    r 2  = 0.91  )   



(1)







The application rates and physicochemical and eco-toxicological properties of 200 active substances of pesticides were added as a Supplementary Table S2: Physicochemical and eco-toxicological properties of pesticides.




2.3. Risk Assessment of Pesticide Application for Aquatic and Soil Organisms


The risk of acute and chronic pesticide toxicity for earthworms and aquatic organisms was quantitatively characterized using the ratios of pesticide toxicity to its predicted concentrations in soil and water, respectively. According to the international guidelines [41], the acute toxicity exposure ratio (TER) of pesticides is recognized to be low if LC50(EC50)/predicted environmental concentrations (PEC)max ≥ 100 for fish and invertebrates, and ≥10 for algae. Long-term TER is recognized to be low if NOEC/PEC21 ≥ 10. For earthworms, the acute TER of pesticides is considered to be low in the case of LC50/PECmax ≥ 100. Long-term TER is the lowest at NOEC/PEC56 ≥ 5 [42].



A step-by-step scheme of procedures to determine the hazard assessment, toxicity exposure ratios and the ratings of pesticide indicators for aquatic organisms and earthworms is presented in Figure 1.



The comparative assessment of pesticides is complicated by large amounts of input data (toxicity indicators for various groups of aquatic and soil organisms) which characterize the different aspects of pesticides’ negative impact on non-target organisms. Therefore, to synthesize and reduce the input information, we used the following techniques:




	
Using data on pesticide toxicity for earthworms and only for the most sensitive group of aquatic organisms;



	
Transforming the indicators of pesticide toxicity and pesticide concentration into acute and long-term toxicity exposure ratios [21]:



TERacute = LC50 (EC50)/PECmax,



where LC50 or EC50 is 50 percent of the lethal concentration, and PECmax is the maximum predicted pesticide concentration in soil and surface water:



TERlong-term = NOEC/PEC56 or 21 days,



where NOEC is the ineffective observed pesticide concentration, and the PEC56 and PEC21 days are the weighted average predicted pesticide concentrations in soil per 56 days and in water per 21 days;



	
The numerical values of these indicators are converted into points as follows: (a) all the pesticides are ranked for each indicator value from the min TER to max TER (acute and long-term) and from max BCF to min BCF; (b) 20 pesticides are selected from these three ranked lists with the corresponding numerical values of each indicator; (c) if the pesticide occupies the first line in any of the three indicators, then the numerical value of this indicator is converted to 1 point; (d) if the pesticide is in the bottom line of the rating, the value is converted to 20 points;



	
The points for each of the three indicators are summarized and the pesticides are again ranked from min to max, where min is a pesticide with high environmental risk.








Thus, to synthesize the rated risk indicators of acute and chronic toxicity and bioconcentration factors of pesticides, we added the points together, which allowed us to compile the ratings of the ecological risk indicators of pesticides for earthworms and aquatic organisms. Therefore, the environmental risk indicator of pesticides is the sum of points of TERacute + TERlong-term + BCF.




2.4. Statistical Processing of the Results


Statistical data analysis was conducted in Excel and STATISTICA 10 programs. The results shown in the charts and text are given as the mean values and the standard deviation (SD) is indicated, unless noted otherwise.



Data visualization on the risk assessment of pesticide negative impact was conducted in the software framework R using the package ‘ggplot2’. The verification of statistical hypotheses was performed at significance 0.05 unless noted otherwise.





3. Results


3.1. Validation of the PEARL 4.4.4 Model


We conducted the calibration of the PEARL 4.4.4 model before the start of the behavior modeling of 200 pesticides in soddy–podzolic soils. The calibration included two stages: the first stage consisted in the validation of the model for the water regime parameters of soddy–podzolic soil; the second stage involved the calibration for the physicochemical properties of the pesticides. Empirical data for model calibration and quality assessment of the prediction were obtained through field research and are presented in Supplementary Table S3: Metribuzin residual amount in soddy–podzolic soil. Figure 2 shows the dynamics of the residual quantity of metribuzin in soddy–podzolic soil.



To draw the diagrams in Figure 2, we used two types of data: the experimental data and the data of mathematical prediction based on the PEARL 4.4.4 model. The data of mathematical prediction were fixed before the model calibration, and then after the calibration for comparison. Figure 2 shows that the uncalibrated model overestimates the metribuzin residues by 6–18% in the layer 0–20 on the 7th, 14th and 28th day and underestimates the metribuzin concentration by 8% on the 56th day as compared to the calibrated model and the experimental data. After calibrating the model for water and physicochemical pesticide properties, we achieved the convergence of the predicted and real values (Figure 2), which is also proved by statistical criteria.



Figure 3 provides the distribution diagram of the errors in the modeling for the calibrated model PEARL 4.4.4.



The Shapiro–Wilk criterion is 0.91 at the significance level of p = 0.07 (the hypothesis is accepted at p > 0.05) which leads to the conclusion that the given distribution is attributed to the distribution of normality. However, the mean magnitude of error is non-zero. Consequently, this considerably increases the risk of errors in the prediction.



Statistical data analysis resulted from the preliminary calibrated model PEARL 4.4.4 which revealed that a standard error of the mean error magnitude in modeling approached zero.



Mean error, standard deviation, and the standard error of the mean error in modeling are presented in Figure 4.



Results of the dependence analysis of the experimental values on the predicted ones are shown in Figure 5.



In theory, the chart (Figure 5) should contain an angle bisector, i.e., the convergence of the real and predicted values, but in this case the points are on the opposite sides of the straight line, indicating the errors. However, the final conclusion on the error presence/absence can be made only after the dependence analysis of the approximation errors on the PEARL 4.4.4 predicted value (Figure 6).



As shown in Figure 6, approximation errors have a random spread. Maximum random errors are shown at points 3 (approximately 0.00058) and 2 (−0.00078). However, these errors are insignificant in value. Hence, it can be stated that systematic errors are absent in the prediction of pesticide concentration based on the PEARL model 4.4.4.



Thus, with a probability of at least 95% (significance value is 0.05 as accepted in Earth sciences) the PEARL model 4.4.4 adequately describes the migration and decomposition of pesticides in soils. The output data of this model can be applied to calculate the risk indicators.




3.2. Predicted Environmental Concentration (PEC) of Pesticides in Soil and Water


When the model PEARL 4.4.4 was calibrated and the prediction accuracy was assessed with statistical criteria, we conducted a mathematical modeling for 200 active substances of pesticides (herbicides, fungicides, and insecticides) which are commonly applied worldwide. The results of the modeling allowed us to obtain predicted environmental concentrations of pesticides (PEC) in the plow horizon of soddy–podzolic soil (see Supplementary Table S4: PEC in soil and surface water). We rated 200 active substances according to their concentrations. For the further research, we selected 20 pesticides of the 200 active substances. The selection criterion was the rates higher than 0.25 mg/kg (0 days) and higher than 0.05 mg/kg (56 days). We determined the threshold concentrations (0.25 mg/kg and 0.05 mg/kg) using the analysis of the risk values of acute and chronic toxicity of pesticides for earthworms. We did not consider the pesticides with a risk value of acute TER >1000 and long-term TER >50 (we took triggers for the TER 10 times more than that generally accepted [42] for acute TER >100 and long-term TER >5 due to the further consideration of the three factors in one risk indicator). For example, the soil with pesticide concentration <0.25 mg/kg had acute TER values >1000. Figure 7 shows pesticide concentrations at the moment of their application and the weighted average concentrations in 56 days.



The prediction based on the PEARL 4.4.4 model has shown that herbicides are concentrated in the plow layer of soddy–podzolic soil after their application (Figure 7). Moreover, the majority of fungicide residues can be found in the soil on the 56th day after the application because these substances have a high value of DT50 [39]. As shown in Figure 7, the herbicide metamitron takes the first line in the rating. This pesticide is likely to remain in high concentration at the time of application (the maximum application rate-4.2 kg/ha), and 56 days after.



Predicted pesticide concentrations based on the model STEP 1–2 in surface water body are presented in Figure 8. The PEC for 200 active substances of pesticides are presented in the Supplementary Table S4: PEC in soil and surface water.



Surface waters become primarily polluted with herbicides according to the results of mathematical modeling. The given rating shows that herbicides take 17 positions at concentration values higher than 20 µg/L (0 days) and 18 positions with concentrations higher than 10 µg/L (21 days) (Figure 8). The herbicide metamitron is found to be in high concentrations in surface waters, as well as in the plow horizon of soddy–podzolic soil.




3.3. Toxicity Assessment of Pesticides for Earthworms and Aquatic Organisms


Figure 9 demonstrates in decreasing order the 20 most toxic pesticides for earthworms (the values of the parameters for acute and chronic toxicity LC50 and NOEC are presented, respectively).



The given list of pesticides included insecticides (70%) and fungicides (30%), in terms of the parameter LC50. The insecticide teflutrin ranks first in the rating of the acute toxicity of pesticides. The situation in terms of the parameter NOEC was quite different: insecticides (50%), fungicides (40%) and herbicides (10%). In the rating of chronic toxicity, the fungicide epoxiconazole proved to be extremely hazardous for earthworms.



According to the hazard classification of chemicals for earthworms, the first class includes 3% of the pesticide active substances, the second class includes 13% of pesticide active substances, and 77% of the pesticide active substances belong to the third hazard class of acute toxicity.



Toxicity Assessment of Pesticides for Aquatic Organisms


We selected the 20 most toxic pesticides based on the minimum LC50/EC50 and NOEC upon the results of toxicity assessment of the pesticides for fish, aquatic invertebrates and algae. Figure 10 provides the ratings on the acute and chronic pesticide toxicity for aquatic organisms.



The rating on acute toxicity included 19 insecticides and the herbicide diflufenican (Figure 10). Moreover, aquatic invertebrates significantly prevail among the most sensitive aquatic organisms. According to the hazard classifications of chemical products for a water medium, 69% of pesticide active substances of acute toxicity belong to the first class.



In terms of chronic toxicity, 45% of pesticide active substances have the hazard of the first class. Despite the fact that many pesticides belong to the first hazard class, the exposure of such hazard under the real conditions of pesticide application is not always observable and depends on pesticide concentration in water bodies.





3.4. Accumulation of Pesticides in Aquatic Organisms and Earthworms


The rating of pesticide bioconcentration in aquatic organisms shows that out of the 20 pesticides selected from 200 active substances, insecticides, herbicides, and fungicides constituted 70%, 20%, and 10%, respectively (Table 3).



The rating of pesticide bioconcentration in earthworms, according to the data in Table 3, shows that the maximum bioconcentration factor constituted 85%, 10%, and 5% for insecticides, herbicides and fungicides, respectively.



Insecticides are highly accumulative both in earthworms and aquatic organisms. The ability to accumulate insecticides in tissues is associated with chemical affinity, i.e., the lipophilicity of a pesticide with organic substances.



Thus, after analyzing the results of pesticide rating in relation to the values of acute and chronic toxicity and BCF, we proceed to the results of the risk calculation of pesticide negative impact.




3.5. Risk of Pesticides Toxicity for Earthworms and Aquatic Organisms


The calculation of acute toxicity exposure ratio (TER) has shown that all pesticides are classified as low risk negative impact on earthworms since LC50/PECmax. > 10. The non-dimensional values of acute/long-term TER for earthworms are shown in Figure 11.



Carbendazim fungicide takes third place in the pesticide rating of acute TER, as well as in acute toxicity in the previous rating. High long-term TER was found for three out of 200 pesticides: triazole fungicides of epoxiconazole, difenoconazole, and the insecticide pyridaben.



Risk of Pesticide Toxicity for Aquatic Organisms


Figure 12 shows the non-dimensional values of acute/long-term TER for the least resistant group of aquatic organisms (The selection of this group from three groups of hydrobionts was based on the following principle: a group was selected with the minimum numerical value of the ratio of toxicity to concentration, moreover, with a high risk of the pesticides’ negative impact on aquatic organisms).



Insecticides prevailed in our ratings. Moreover, chlorpyrifos, diazinon and teflutrin are highly hazardous insecticides both in terms of acute toxicity risk and chronic toxicity risk.





3.6. The Pesticide Risk Indicators for Earthworms and Aquatic Organisms


The pesticide risk indicator is the sum of three parameters: the point expression of acute TER, point expression of long-term TER and the bioconcentration factor. The results of the study allowed us to calculate a risk indicator for each pesticide. Then, the pesticides were rated according to the value of the indicator (Figure 13).



Figure 13 shows that the lowest risk indicator corresponds to the greatest risk of pesticides’ negative impact on earthworms. In general, the rating of pesticide risk indicators contains 20 positions which includes 25 pesticides: 12 insecticides, 8 fungicides and 5 herbicides (in three cases, two pesticides occupy the same line of the rating list, and in one case, three pesticides occupy the same line).



Figure 14 shows 19 insecticides, 4 herbicides and 1 fungicide, in the decreasing order of the pesticide risk indicators for aquatic organisms.



In this rating, three insecticides (chlorpyrifos, teflutrin and diazinon) with a maximum level of risk for aquatic organisms significantly outpaced other pesticides. Chlorpyrithis, teflutrin, and diazinon are extremely hazardous in terms of acute/long-term TER.





4. Discussion


Prediction quality using the PEARL 4.4.4 model depends on its calibration [36]. The uncalibrated PEARL 4.4.4 overestimates the residual amount of metribuzin by 6–18% in the 0–20 cm layer on the 7th, 14th, and 28th day, and underestimates the concentration of metribuzin by 8% on the 56th day. In terms of the environmental risk assessment, such an overestimation reflects the “worst case” and is a permissible assumption [43]. It was previously shown that the STEP 1–2 model also overestimated the concentration of pesticides in water bodies compared to the actually measured values [44]. However, underestimating the pesticide residues, on the contrary, is an unacceptable assumption that can lead to serious environmental problems [45]. The work by Kroes et al. [46] shows that Koc DT 50 and the parameters of the van Genuhten equation have a greater effect on predicting the behavior of pesticides in soil. After the PEARL 4.4.4 calibration and the verification of prediction quality by statistical criteria, we achieved the satisfactory convergence of the calculated and experimental values of metribuzin concentration in soil.



According to the PEARL 4.4.4 prediction results, in the soils of the Moscow region, herbicides prevail in the first days after application. The high concentration of herbicides in the plow layer of soddy–podzolic soil is due to the higher rate of their application compared with fungicides and insecticides. At the same time, due to the higher resistance of fungicides to decomposition in soil (DT50 half-life > 60 days), their content in 56 days after application is higher than for herbicides and insecticides. According to the prediction, herbicides also pollute surface water. For example, the herbicide metamitron is present in high concentrations both in soils and in surface waters. The migration of herbicides to water bodies, in addition to the high rates of their application, is contributed to by the low sorption and moderate resistance of the herbicides in the soil [39]. Herbicide migration is also caused by their use in the early development stages of protected crops. The results obtained are consistent with the previous studies. Simeonov L.I. et al. [47] also used the calculation method (but without mathematical models) and obtained the concentrations of 123 herbicides in surface water. The authors found that for herbicides in 80% of cases, more than half of their concentration of the recommended application rate may be in surface water bodies. Moreover, according to the monitoring of the Rotbach Creek river basin (Germany), firstly, herbicides were found, and secondly, the herbicide metamitron was detected at the highest concentration (50 µg/L) [48]. Thus, the conclusion that soils and surface waters will be mainly contaminated with herbicides is confirmed by the results of many researchers. In this regard, pesticide producers should change the regulation policy for the use of herbicides. For example, it may be a decrease in existing application rates or a modification of the herbicide formulations with organoclay (the herbicide molecule is adsorbed in the interplanar spacing of the organoclay so that migration ability of the pesticide is reduced) [49].



Insecticides prevail in the pesticide rating in terms of the values of acute and chronic toxicity for earthworms and aquatic organisms. Initially, acute and chronic toxicity for aquatic organisms was evaluated for three groups of aquatic organisms. For the further calculation of acute/long-term TER, the most sensitive group of aquatic organisms was selected. According to the compared results of toxicity values, aquatic invertebrates significantly prevail among the most sensitive aquatic organisms.



The results of the analysis and calculation of pesticide BCF have shown that insecticides will mainly accumulate in aquatic organisms and earthworms. The ability to accumulate insecticides in tissues is associated with chemical affinity, i.e., the lipophilicity of a pesticide with organic substances. Pesticide lipophilicity is measured with the xenibiotic octanol–water partition coefficient (Kow). The increase in Kow correlates with the probability of a pesticide penetrating the cell membrane. The correlation between this coefficient, LC50 and BCF is demonstrated in the publications devoted to pesticide bioaccumulation in earthworms [40,50]. Moreover, this was confirmed by the Kow rating of all active substances. Similar to the bioconcentration factor, the rating mainly included insecticides.



The calculation of acute TER for earthworms has shown that, all the pesticides have acute TER >10, except the insecticide teflutrin. The pyrethroid insecticide tefluthrin, as shown in the work by Rathore et al. [51] has a relatively high toxicity for earthworms (at 2 mg/kg soil). High long-term TER was found for three out of the 200 pesticides: triazole fungicides of epoxiconazole, difenoconazole, and the insecticide pyridaben. There is no evidence of a high chronic toxicity risk of these pesticides in the literature. Perhaps this is due to the fact that when calculating the risk of chronic toxicity, we used the maximum norms for the use of pesticides (“worst case”). However, in laboratory studies evaluating the toxicity of epoxiconazole for earthworms, Pelosi et al. [52] observed the sublethal effects of epoxiconazole on some earthworm species found in cultivated fields even at recommended rates, so that much more attention should be paid to this pesticide. The calculation results of acute TER for aquatic organisms have shown that chlorpyrifos, diazinon and teflutrin are highly hazardous insecticides, both in terms of acute toxicity and chronic toxicity. Thanh-Luu Phaml and Ha Manh Bui [53] also noted that the presence of diazinon in water bodies could be associated with significant risk to aquatic organisms.



The final outcome of this work was the environmental risk indicators. To calculate these indicators, we used three parameters: the point expression of acute TER, the point expression of long-term TER and the BCF. As a result, according to the values of environmental risk indicators, we compiled the ratings of soil and surface water pollutant pesticides. Pyridaben, tebufenpyrad and carbendazim are pesticides with a high risk of negative impact on earthworms. Chlorpyrifos, teflutrin and diazinon are pesticides with a high risk of negative impact on aquatic organisms. Moreover, the high risk of teflutrin and diazinon to aquatic organisms is confirmed by Munn et al. [54]. The authors calculated the toxicity indices of the pesticide toxicity index (PTI) for 129 pesticides and compared the calculated values with the real concentrations of pesticides in water.



Unlike existing risk indicators SYSCOR, PERI, ADSCOR, PTI, etc., our indicators have a number of advantages. Firstly, they are based on the mathematical modeling of pesticide concentrations in soil and surface waters. Secondly, a point-rating system was used to summarize the heterogeneous data. Thirdly, for a large number of pesticides, information about the potential risk of pesticides’ negative impact can be obtained in short time without expensive and laborious experimental studies. Unlike scoring and a mechanistic model for input data transformation, our way of combining heterogeneous data groups into one indicator is simple and informative. Moreover, the results obtained can be used not only by pesticide producers, but also by the authorities in charge of pesticide registration. For example, they can change the use conditions of pesticides with high risk indicators.



Nevertheless, the proposed pesticide risk indicators have several limitations which should be carefully considered in application. First, this concerns regions with high soil diversity since the obtained values may vary. In addition, the potentially different sensitivity of non-target organisms to a pesticide can introduce uncertainty into data interpretation compared to the sensitivity of test organisms. The utility of the pesticide indicators for earthworms and aquatic organisms will be determined by testing the correlation of indicator values with various measures of the nature and health of earthworms and aquatic biota.




5. Conclusions


The pesticide risk indicator is the sum of three parameters: point expression of acute TER, point expression of long-term TER and BCF. The ratings of soil and surface water pesticides were compiled according to the values of environmental risk indicators. Pyridaben, tebufenpyrad and carbendazim were found to be the pesticides with a high risk of negative impact on earthworms. Chlorpyrifos, teflutrin and diazinon were found to be the pesticides with a high risk of negative impact on aquatic organisms. Pesticide producers and monitoring authorities can be provided with recommendations on risk reduction measures of these pesticides.



The proposed risk indicators of pesticides’ negative impact on earthworms and aquatic organisms have the following benefits: first, their calculation used the data of the mathematical prediction model of pesticide concentration in soil and water; second, specific features of pesticide transformation and pesticide migration in specific soil-climate conditions were considered; third, the acute and chronic pesticide toxicity for a non-target organism and pesticide bioaccumulation in its tissues were estimated. Thus, the developed risk indicator considers both the toxicity of pesticides’ active substance and its behavior in the environment. At the same time, the proposed risk indicator may have a number of limitations for its application, primarily for the regions with high soil diversity so that the results of mathematical modeling will depend on the model calibration for the SWRC of soils in these regions. In addition, as opposed to the sensitivity of test organisms, the potentially different sensitivity of non-target organisms to pesticides can result in the uncertainty of data interpretation. Nevertheless, the proposed risk indicator can be used to manage the pesticide risks considering region-specific conditions.
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Figure 1. A step-by-step scheme of the hazard assessment and toxicity exposure ratios (TER) of pesticides for aquatic organisms and earthworms. LC/EC: lethal concentration; NOEC: no observed effect concentration; BCF: bioconcentration factor; PEC: predicted environmental concentration. 
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Figure 2. Dynamics of the residual amount of metribuzin in soddy–podzolic soil. Error bars indicate the confidence interval at α = 0.05. 
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Figure 3. Distribution diagram of the errors in the modeling of the metribuzin concentration in soddy–podzolic soil. 
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Figure 4. Characteristics of the statistical error distribution in the modeling of the metribuzin concentration in soddy–podzolic soil. 
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Figure 5. Dependence of the real values on the PEARL 4.4.4 predicted values. 
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Figure 6. Dependence of error distribution on the PEARL 4.4.4 predicted value. 
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Figure 7. Rated concentrations of pesticides in soil. 
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Figure 8. Rated concentrations of the pesticides in water. TWA: time weighted average. 
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Figure 9. Ratings of the most toxic pesticides for earthworms. 
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Figure 10. Ratings of the pesticide toxicity for the most sensitive group of aquatic organisms. 
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Figure 11. Ratings of the acute/long-term TER for earthworms. 
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Figure 12. Ratings of the acute/long-term TER for aquatic organisms. 
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Figure 13. Rating of the pesticide risk indicators for earthworms. 
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Figure 14. Rating of the pesticide risk indicators for aquatic organisms. 
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Table 1. Parameters of the PEARL 4.4.4 model.
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Input Files

	
Soil

	
The mass content of organic matter (kg/kg), the dry bulk density (kg/m3), pH, the textural distribution, parameters of the van Genuchten functions.




	
Pesticide

	
Coefficient of equilibrium sorption on organic matter-Kom (L/kg); half-life in equilibrium domain at reference temperature-DT50 (d); saturated vapor pressure at reference temperature (Pa); solubility in water at reference temperature (kg/L); application rate (kg a.s./ha); application methods.




	
Weather data

	
File with weather: minimum and maximum air temperature, precipitation, solar radiation, wind speed, vapor pressure.




	
Output Files

	
Water balance

	
Flux of water in run off (mm), soil evaporation (mm).




	
Pesticide

	
Concentration in the soil system (µg/kg); total pesticide mass flux and accumulated mass flux at the lower boundary; substance concentrations in the liquid and solid phase; mass flux of pesticide volatilization through the soil surface.








Half-life (DT50): the time it takes for an amount of a compound to be reduced by half through degradation.
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Table 2. Parameters of the standard scenario of the PEARL 4.4.4 model for the Moscow region.
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	Parameter
	Value





	Organic matter (%)

0–25 cm
	1.5



	pH water
	5.6



	Texture class (USDA)

0–25 cm
	Silty loam



	Soil bulk density, g/cm3
	1.2



	Average annual air temperature (°C)
	3.6



	Average annual precipitation (mm)
	548







USDA: United States Department of Agriculture.
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Table 3. Rating of the pesticide bioconcentration in fish and earthworms.
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	Active Substance
	Type
	BCF Fish
	Active Substance
	Type
	BCF Worms





	lufenuron
	insecticide
	5300
	tau-fluvalinate
	insecticide
	2630



	pendimethalin
	insecticide
	5100
	bifenthrin
	insecticide
	1000



	lambda-cyhalothrin
	herbicide
	4982
	zeta-cypermethrin
	insecticide
	1000



	esfenvalerate
	insecticide
	3250
	tefluthrin
	insecticide
	631



	famoxadone
	insecticide
	3000
	pyridaben
	insecticide
	589



	gamma-cyhalothrin
	fungicide
	2240
	esfenvalerate
	insecticide
	437



	clethodim
	insecticide
	2100
	permethrin
	insecticide
	316



	tau-fluvalinate
	herbicide
	1979
	beta-cyfluthrin
	insecticide
	200



	bifenthrin
	insecticide
	1703
	alpha-cypermethrin
	insecticide
	158



	oxyfluorfen
	insecticide
	1637
	beta-cypermethrin
	insecticide
	158



	propargite
	herbicide
	1635
	chlorfluazuron
	insecticide
	158



	fenpyroximate
	insecticide
	1601
	propargite
	insecticide
	126



	deltamethrin
	insecticide
	1400
	cypermethrin
	insecticide
	89



	tefluthrin
	insecticide
	1400
	fenazaquin
	insecticide
	81



	pyriproxyfen
	insecticide
	1379
	lambda-cyhalothrin
	insecticide
	79



	chlorpyrifos
	insecticide
	1374
	proquinazid
	fungicide
	79



	diflufenican
	herbicide
	1276
	pendimethalin
	herbicide
	63



	hexythiazox
	insecticide
	1100
	pyriproxyfen
	insecticide
	59



	fluazinam
	fungicide
	1025
	imazamox
	herbicide
	58



	tebufenpyrad
	insecticide
	953
	lufenuron
	insecticide
	33











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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